Helicobacter pylori (H. pylori), a gram-negative microaerophilic bacterial pathogen that colonizes the stomachs of more than half of all humans, is linked to chronic gastritis, peptic ulcers and gastric cancer. Spiral-shaped H. pylori undergo morphologic conversion to a viable but not culturable coccoid form when they transit from the microaerobic stomach into the anaerobic intestinal tract. However, little is known about the morphological and pathogenic characteristics of H. pylori under prolonged anaerobic conditions. In this study, scanning electron microscopy was used to document anaerobiosis-induced morphological changes of H. pylori, from helical to coccoid to a newly defined fragmented form. Western blot analysis indicated that all three forms express certain pathogenic proteins, including the bacterial cytotoxin-associated gene A (CagA), components of the cag-Type IV secretion system (TFSS), the blood group antigen-binding adhesin BabA, and UreA (an apoenzyme of urease), almost equally. Similar urease activities were also detected in all three forms of H. pylori. However, in contrast to the helical form, bacterial motility and TFSS activity were found to have been abrogated in the anaerobiosisinduced coccoid and fragmented forms of H. pylori. Notably, it was demonstrated that some of the anaerobiosis-induced fragmented state cells could be converted to proliferation-competent helical bacteria in vitro. These results indicate that prolonged exposure to the anaerobic intestine may not eliminate the potential for H. pylori to revert to the helical pathogenic state.
coccoid form of H. pylori plays an essential role in fecaloral transmission is being discussed (10) .
We have previously reported that Peyer's patches are a critical tissue for priming H. pylori antigen-specific CD4 þ T cells in H. pylori-infected mice (11) . We have also demonstrated that the coccoid, but not the helical form, of H. pylori is captured by dendritic cells in Peyer's patches and activates immune responses via induced CD4 þ T cells, inducing gastritis in infected mice (11) . It is therefore of interest to identify the virulence features of anaerobiosis-induced H. pylori and to further elucidate bacterial function in H. pylori-induced diseases.
Although the coccoid form is not culturable in vitro, there is evidence that it is capable of active transcription and translation (12, 13) . Motility, urease activity, association with gastric mucosal cells and the cag pathogenicity island encoding the TFSS are all considered important virulence factors of H. pylori. Urease activity neutralizes the lethal effects of gastric acid and is necessary for bacterial colonization of the gastric mucosa. Bacterial motility generated by unipolar flagella is essential for penetration of the mucosal layer of the stomach by the helical form. Motility also facilitates antigen-specific association with the gastric epithelium, such as adhesion of bacterial BabA and eukaryotic Le b Lewis antigens, further allowing evasion of gastric acidity. H. pylori strains isolated from individuals with stomach disease generally possess the cag pathogenicity island, which encodes a component of the TFSS, and its major effector protein, CagA. The TFSS mediates translocation of CagA, peptidoglycan and possibly the metabolite heptose-1,7-bisphosphate from the helical form of H. pylori into host cells. These translocation events activate host cell signaling molecules including NF-kB, resulting in chemokine production, subsequent proinflammatory responses and malignant transformation, including intestinal metaplasia (14) (15) (16) (17) (18) (19) (20) (21) (22) .
In this study, we aimed to identify the specific features of H. pylori induced under anaerobic conditions that mimic the intestinal environment. We analyzed bacterial morphology by SEM and found that anaerobiosis induces morphological changes in helical H. pylori, resulting in a newly defined fragmented form via the coccoid form. We further correlated the distinct morphologies with the fundamental pathogenic factors of H. pylori.
MATERIALS AND METHODS

Strains and culture conditions
The H. pylori strain ATCC 43504 and its isogenic mutants DcagA and DvirB7 have been described previously (16) . The H. pylori strains SS1 and PMSS1 were generously provided by Dr. Douglas E. Berg (Washington University School of Medicine) and Dr. Manuel R. Amieva (Stanford University), respectively. H. pylori was cultured on 5% (v/v) sheep blood agar plates (Thermo Fisher Scientific, Waltham, MA, USA) for 2 days at 37°C in microaerobic conditions. Bacterial colonies were suspended in Brucella broth (Thermo Fisher Scientific) supplemented with 5% (v/v) inactivated FBS (Thermo Fisher Scientific) and incubated overnight at 37°C with gentle agitation under microaerobic conditions. Following this incubation, the collected cells were used as microaerobic-cultured H. pylori. To obtain anaerobic-cultured H. pylori, the microaerobic culture was followed by incubation at 37°C under anaerobic conditions with gentle agitation for specified lengths of time.
The AGS human gastric epithelial cell line (ATCC CRL-1739) was maintained in DMEM/F-12 (Thermo Fisher Scientific) containing 10% (v/v) FBS.
Antibodies
The anti-Tyr(P)-CagA, anti-CagA, anti-UreA antibodies used in this study have been described previously (14) . The anti-BabA, anti-VirB7, and anti-VirB9 rabbit antibodies are described here (23) . Anti-H. pylori rabbit antibody was from Abcam (Cambridge, UK) whereas anti-actin rabbit antibody was purchased from Cell Signaling Technology (Danvers, MA, USA).
Scanning electron microscopy
Bacterial samples were mounted on silicon wafers (Matsuzaki Seisakusyo, Shimane, Japan) for 5 min, washed with PBS and pre-fixed with 4% (w/v) paraformaldehyde, 2% (v/v) glutaraldehyde in 0.1 M cacodylate buffer for 1 hr at room temperature. Samples were then washed with cacodylate buffer and post-fixed with 1% (w/v) OsO 4 in 0.1 M cacodylate buffer for 1 hr at 4°C. After fixation, the samples were dehydrated using 30%, 50%, 70%, 90% and 99.5% (v/v) ethanol. Samples were then replaced with tbutanol, freeze-dried in an ES-2030 (Hitachi HighTechnologies, Tokyo, Japan), coated with OsO 4 using an HPC-1S osmium coater (Vacuum Device, Ibaraki, Japan). Samples were analyzed for morphological structure by a S-4200 SEM (Hitachi High-Technologies). The ratio of each bacterial form was determined by counting a minimum of 20 bacteria in each of three triplicate samples obtained from a single culture.
Urease activity
Urease activity was tested by measuring the release of ammonia. In brief, 5 Â 10 7 H. pylori was washed with PBS, resuspended in 0.1 M citric acid, 0.2 M Na 2 HPO 4 , 5 mM urea, pH 7 and incubated for 10 min at 37°C. Supernatant aliquots were tested with an ammonia assay kit (Merck KGaA, Darmstadt, Germany) according to the manufacturer's instructions.
Motility assay
Bacterial motility was observed microscopically at room temperature in normal air (Observer Z1) and frame-byframe images of bacterial movement captured with a camera with a CCD (Carl Zeiss, Oberkochen, Germany). Bacterial movement was tracked and analyzed by Axio Vision (Carl Zeiss).
Cell culture and bacterial infection
AGS cells were seeded in six-well plates and grown to $80% confluence to be used for western blot analysis. For reporter assays, cells were seeded in 24-well plates. AGS cells were infected with H. pylori at an MOI of 30 and incubated for 6 hrs at 37°C in a 5% CO 2 environment.
Reporter assay
AGS cells were transiently transfected with reporter plasmids (plgk-luc, phRL-TK) using Fugene6 (Promega, Madison, WI, USA). After 18 hrs, the cells were infected with H. pylori for 6 hrs. The cells were then lysed and Photinus and Renilla luciferase activities measured by a Dual-Luciferase reporter assay system (Promega) according to the manufacturer's instructions. After normalization with phRL-TK-derived Renilla luciferase, firefly luciferase activity was calculated and graphed as fold induction over the control.
Immunofluorescence microscopy
Bacterial cultures were suspended in PBS and fixed with 4% (w/v) paraformaldehyde-PBS at room temperature for 15 min. FITC-conjugated IgG was used to visualize anti-H. pylori antibody and DAPI (Merck KGaA) to visualize DNA. Stained specimens were examined with a confocal laser-scanning microscope (LSM510; Carl Zeiss).
Culturability
Bacterial cultures were adjusted to 3 Â 10 6 cells/mL in fresh culture medium and serial dilutions plated on 5% (v/v) sheep blood agar plates. CFUs were quantified after incubation for 2 days at 37°C under microaerobic conditions.
Statistical analyses
Error bars represent the SD of the measurements. Statistical analyses were performed using anova with Dunnett's multiple comparison test. Differences were considered significant at P < 0.05. All results shown in the figures are representative of at least three independent experiments.
RESULTS
Anaerobiosis induces morphological changes in H. pylori
To observe morphological changes in H. pylori during anaerobic culture, a microaerobic liquid culture of ATCC 43504 was incubated under anaerobic conditions with gentle agitation and bacterial morphologies were assessed by SEM. H. pylori was also assessed for the presence of flagella-like, long filamentous structures. The length and width of the bacteria were measured, the helical form being defined as normal helical bacillary morphology with a minor axis/major axis ratio of 1/1.2 and the coccoid form as spherical with a smooth surface and minor axis/major axis ratio >1/1.2, (Fig. 1a-j) . At the onset of the experiment (Day 0), only bacteria in the helical state were observed. When the cells were incubated under anaerobic conditions for 1 day, >90% of the bacteria were helical and <6% coccoid. As visualized by time-lapse microscopy, the proportion of helical bacteria gradually decreased to 0% by Day 6; whereas the proportion with coccoid form increased to $64% by Day 3 and then decreased to $19% by Day 7 (Fig. 1k) .
Crumbled-shaped bacteria were also observed, their proportion increasing in a time-dependent manner from $0% on Day 3, $36% on Day 5 and $80% on Day 7 (Fig. 1k) . These cells were roughly spherical with an uneven surface and accompanied by more than two derivatives (approximately 0.2 mm in diameter; Fig. 1l-o) . This new morphology was named a fragmented form.
The same trends were also observed in the mouseadapted H. pylori strains PMSS1 and SS1 (Figs. S1 and S2): the proportion of helical cells decreased from 100% to $3% or 0% over 3 days, whereas the coccoid form peaked on Day 1 at >85% and decreased to 15.4% or 23.5% by Day 4. In contrast, no fragmented bacterial cells were identified on Day 0, whereas by Day 6, over 80% of cells assessed were fragmented.
These results indicate that anaerobiosis induces morphological conversion of H. pylori from a helical to the newly defined fragmented form via the coccoid state. To further investigate this phenomenon, microaerobic cultures of H. pylori ATCC 43504, representing a helical form fraction (containing $100% helical cells), were incubated for 3 days under anaerobic conditions, after which $64% were found to be in coccoid form. Prolonged incubation (7 days) of this culture under anaerobic conditions induced fragmentation, $80% of cells being of fragmented form.
The coccoid and fragmented forms of H. pylori possess major virulence factors but do not retain motility
To determine the strength of expression of virulent proteins in each morphological state of H. pylori, the Fig. 1 . Time-dependent morphological changes in strain ATCC 43504 H. pylori incubated under anaerobic conditions. Microaerobiccultured bacteria were incubated under anaerobic conditions for 0 (a-e), 3 (f-j), or 7 days (l-p), and the samples assessed by SEM. Black arrowheads, helical forms; white arrowheads, coccoid forms; white arrows, fragmented forms; black asterisks, undefinable bacteria that lack flagella-like long filamentous structures. Scale bars, 2 mm (a-j), 1 mm (l-p). (k) Time-dependent changes in the proportion of each form of bacteria. The graphs show representative data from three independent experiments.
proteins BabA, VirB7, VirB9 (TFSS components), CagA and UreA (apoenzyme of urease) were quantitated by western blot. As shown in Figure 2a , strength of expression was close to equivalent for all three forms of H. pylori: anaerobiosis-induced coccoid and fragmented forms and the helical form. Because urease activity is reportedly essential for H. pylori to evade bactericidal stomach acid, urease activity in each morphological form of H. pylori was assessed. As shown in Figure 2b , there were no significant differences in urease activity between the coccoid, fragmented and helical forms (averages, 149.0, 170.6, and 162.8 nmol ammonia/min/5 Â 10 7 bacteria, respectively). Next, to investigate whether anaerobiosis-induced morphological changes influence bacterial motility, the flagellumbased motility of each form of H. pylori was assessed for. Helical H. pylori displayed a highly motile phenotype (median 29.4 mm/sec), whereas the coccoid and fragmented forms had severely impaired motility (median 3.3 and 2.7 mm/sec, respectively; Fig. 2c ). In summary, the anaerobiosis-induced forms of H. pylori retain expression of virulence and urease activity but lose motility.
TFSS activity is abrogated in the coccoid and fragmented forms of H. pylori
When helical H. pylori adheres to host gastric epithelial cells, the TFSS injects CagA proteins into the host cell, after which intracellular CagA is tyrosine- phosphorylated by host Src/Abl kinases (24) . To investigate whether the coccoid and fragmented forms of H. pylori retain TFSS activity, AGS cells were cocultured with each form of H. pylori for 6 hrs, after which whole cell lysates were analyzed by western blot. Amounts of UreA appeared similar for each form of H. pylori (Fig. 2a) ; thus, UreA was set as a loading control for bacterial cells. Amounts of UreA protein were normalized against actin intensity as a loading control for AGS cells. The relative UreA/actin intensities of the helical, coccoid and fragmented forms of WT H. pylori were similar (Fig. 3a) , indicating that the ability of the anaerobiosis-induced coccoid and fragmented H. pylori to bind to AGS cells was approximately equal to that of helical H. pylori. Intracellular phosphorylated CagA was detected only in cells co-cultured with helical H. pylori, not with coccoid or fragmented forms nor the helical forms of DcagA (cagA-deficient) or DvirB7 (TFSSdeficient) strains derived from ATCC 43504 (Fig. 3a) . Next, to determine whether anaerobiosis-induced H. pylori retains the ability to activate TFSS-dependent NFkB signaling in the gastric epithelium, NF-kB reporter assays were performed on infected AGS cells. Cells were infected with helical, coccoid or fragmented form cultures of WT, as well as the helical forms of DcagA or DvirB7 H. pylori. NF-kB activity was measured by luciferase signal strength, relative to the baseline signal in uninfected control cells, which was set at 1. The signal intensities for helical, coccoid and fragmented forms were 25.6, 1.8 and 1.0, respectively (Fig. 3b) , indicating that, in contrast with helical cells, the coccoid and fragmented forms of H. pylori exhibit no TFSS activity.
A small minority of fragmented H. pylori can transition back to a culturable helical state
Although a previous report indicated that the coccoid form of H. pylori completely loses culturability (25) , other studies have demonstrated their recovery from the coccoid form in vitro and in vivo (2, 7). To definitively determine whether anaerobiosis-induced H. pylori can recover the ability to proliferate under microaerobic conditions at 37°C, cultures of helical, coccoid or fragmented forms of H. pylori were prepared in fresh medium before serial dilution and plating on blood agar. After 2 days of incubation in microaerobic conditions, coccoid cells were recovered at 1.1 CFU/mL culture medium and fragmented cells at 129.8 CFU/mL, both of which were significantly lower than for helical H. pylori, 7.1 Â 10 6 CFU/mL having been recovered (P < 0.05, Fig 4a) .
To determine the morphology of bacterial cells recovered after cultivation of fragmented state cells on ÃÃÃ , P < 0.001; ÃÃ , P < 0.01; Ã , P < 0.05.
5% (v/v) sheep blood agar plates under microaerobic conditions for 2 days, all three morphological forms of H. pylori were assessed by confocal microscopy. As seen in Figure 4d , H. pylori recovered from fragmented state cultures displayed a spiral, bacillary morphology similar to the helical state of H. pylori. The same results were obtained for PMSS1 and SS1 strains (Fig. S3 ). These data demonstrate that anaerobiosis-induced H. pylori that is in a fragmented state can transition back to a proliferation-competent helical form.
DISCUSSION
In this study, we identified an anaerobiosis-induced morphological change of H. pylori from a helical to fragmented state, the latter appearing to be a more advanced form of the previously described coccoid state. We here demonstrated that the anaerobiosis-induced coccoid and fragmented states of H. pylori retain major virulence factors and urease activity but lose both motility and TFSS function (Figs. 2 and 3 ). Because anaerobiosis-induced H. pylori possesses filamentous flagella-like structures (Fig. 1f-o) , we postulate that anaerobiosis impairs the mechanisms of energy production needed to drive flagellar motility and TFSS secretion activity. Further studies are needed to determine the specific effects of the sustained anaerobiosis that H. pylori is subjected to in the digestive tract.
The finding that anaerobiosis-induced H. pylori retains urease activity suggests that it would likely survive bactericidal gastric acid encountered in the stomach upon fecal-oral transmission. Urease activity may benefit H. pylori by allowing time for coccoid/ fragmented cells to transition to a helical state, thereby recovering H. pylori's growth potential in the intestine.
Previous reports have indicated that stress-induced morphological change is a type of bacterial cell death (25, 26) ; it has therefore been thought that long incubation in unfavorable anaerobic conditions is detrimental to bacterial viability. Contrary to this belief, our observation is that the fragmented form of H. pylori ATCC 43504 has greater potential than the coccoid form to convert into an actively dividing helical cell (Fig. 4a) . Although the precise retention time of H. pylori in the intestinal tract after passage from the infected stomach is as yet unclear, prolonged time in the intestine may not reduce H. pylori's potential to revert to an infectious form. Further analyses are required to shed light on the role of the fragmented bacterial form in H. pylori pathogenesis. 
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